6 ViI

Ei"IOW Dr. Einstein Ha

The Theory of Relativity Explained

NEW YUrRK TRIBUNE, SUNDAY, JUNE 13,

s Modified Our Ideas of Nature

T L]
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need not bother with here,) |a ring of mirrors surrounding him,!
The important point is that in this ! from all of which the reflections of |time of anything with ths aid of |
case, where the observer and mirrors | his flash of light reach him at the f their clocks as
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the intuitive answer, iz to say that
it travels through a medium, and
50 we invent the “ether,” simply as
the medium which carries the light.

by Dr. Russell, Professor of
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T IS probably a long time sil_wa
there has been any cccasion
I on wirich 8 matter so deﬁ‘hitelyr
belonging to pure science as |
the “theory of Einstein’ has excited
=0 much popular interest.
Although the statemenis in the
newspapers concerning ‘the over-
throw of Newton’s laws” and simi-
lar “scare heads” have gone beyond
the more sober statements of scien-
tifie authorities, it i3 nevertheless
true that the theory of relativity,
of which the recent work of Ein-
stein forms an extension, has modi-
fied our conceptions ¢f nature in a
very remarkable fashion. '
Einstein’'s reported statement
that there were not more than|
twelve men in the world who could |
read and fully understand his book
was probably quite within the facts,
But the elementary ideas on which
the theory of relativity is based do
not involve any difficult mathema-
tics, and the only obstacle to grasp-
ing or holding them is their remark-
able novelty. We can understand
them easily enough, or at least un-
derstand what they are about, if
only we begin at the beginning.

Our Complicated Movements
It probably has not occurred to
all of you that while I was speak-
ing the last sentence we traveled
several hundred miles. Yet, of
course, we did, If we had not, the

earth would have left us behind it
somewhere in empty space.

In fact, we are undergoing a very
complicated series of motions, ear-
ried around with the rotating earth
and swinging along much more ra-
pidly and in a much vaster curve
with its orbital motion.

But of this fact we are blizsfully
unconscious, Why? Because the
motion is perfectly smooth, without
jar or shock, and in particular be-
cause not merely we ourselves but
all the objects that constitute our
environment are moving together.

So we come to one of the main
conceptions of the theory of relativ-
ity, the moving frame of reference.

‘We ordinarily refer our measure-
ments and indeed our notions of dis-
tance and of motion to some frame,
what the mathematician would call
some system of codrdinates, which,
so to speak, is “tied” to some defi-
nite objects—ordinarily to that por-
tion of the earth’s surface on which
we may have set ourselves or over
which we may be traveling at the
moment.

Though we and all our well in-
formed ancestors for two centuriesl
have known very well that this,
frame of reference is not at rest but
is in rapid and intricate motion, we
are, nevertheless, still accustomed to
referring our motions to thizs moving
frame and saying that a thing has
not budged when its position with
respect to the ground has not al-
tered.

|

A Working Basis

And in daing this we not only fol-
low the promptings of common
sense but find a practical and work-
ing basis for the scientifie desecrip-
tion of almost all terrvestrial affairs,

But the moment we begin to look

|

speed of something like four hun-
dred miles a second, which motion,
of course, the system of stars visible
to the naked eye must substantially
share.

But now, which of all these sys-

i tems is really moving?

Are the stars at rest and the
nebula moving, or are the nebulz

they both moving past each other
in different directions, and is there
anything at rest? Can we really

at rest and the stars moving, or are |

But if there is such a medium in
| space—and light travels through it
in every direction at the same speed
—it would seem as if here, at last, in

| frame of reference which we could
|use as our basis for the measure-
ment of all other motions.

The Proof

If this be true, we can detect
whether this world of ours is moving
through the ether or not by sending
light signals through equal distances
in different directions and seeing
whether they come back to us at the
same interval of time.

To see how the thing works, let us

suppose firet that we have an ob-
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find anything anywhere in the mate- | server at rest with respect to the
rial universe upon which we canlether and surrounded by a circle of
really set the feet of our imagina-| mirrors set in various directions
tion and say “Ty euis, j'y reste,” | from him, but all at a distance of

are moving through the ether, the
ray of light which has traveled up
]land down the direction of motion
will take a longer time for the round

this undisturbed ether we had our|trip than the ray which has traveled .

| crosswise to the motion over a
| of exactly the same length.

‘ Could Detect Motion

We should, therefore, in this way
be able to detect motion of our own
system through the ether, and if
our measurements were sufficiently
accurate, determine its direetion and
rate.

path

Michelson-Morley experiment. The
distance of the round trip was in
this case only a few feet, and the
difference in time over the two
paths only something like a mill-
ionth part of one-billionth of a
second,

But this minute interval could be
measured by splitting a ray of light
into two parts hy letting part of it
be reflected sidewise from a trans-
parent mirror and the rest go
through, and reuniting the parts
after their trip.

1f one had gained on the other
by even a fraftion of the time of vi-
bration of a single light wave the
fact could be detected, and the waves
Wwhich we ordinarily ecall light wvi-
|brate at the rate of ahout six hun-
| dred thousand billion a second.

Michelson and Morley tried their
experiment and in place of the easily
measurable result which they antici-
pated they got nothing, The light
waves came back over the two paths
in exactly the same interval of time.,

They tried it again and again at
different times of the year, when
the earth was moving in different di-
rections around the sun, so that even
though the earth might have been
at rest in space on some one of these
days, it certainly was not at rest on
all of them. But they always met
the same negative result.

Experiments Failed

| Other optical experiments of a
{more intricate nature and even
greater elicacy were attempted
with the same object of detecting the
| motion of -the earth through the
| ether and they all failed.

| After it became clear that the
|trouble was not in the apparatus
or the experiment, it was evidently
necessary to account for the absence
of the predicted effect.

After wvarious minor hypotheses
{had been tried, Einstein started in
with the bold assumption that these
experiments had unveiled a new law
of nature, viz, that the universe
was so constructed that it was not
possible by any physical experiment,
optical or otherwise, to detect the ex-

istence of absolute, uniform, straight- |

This was attempted in the famous |

same instant. If he thinks that he | please.
i5 at rest in space he will say that
these mirrors are distributed areund
a perfect circle, with his own posi- |

: | ou
tion as center. instant when it is reflected by his

i Now, suppose he choosez a diﬁ'er-[mirmr and notes the time as exactly

\ent frame of reference, in uniform | 1 second past 1Z.0'clock. A observes

maotion compared with his original | the reflected signal at 2 seconds past
cne, That is, suppose that he thinks | 19 o'clock,
that he and the mirrors together
are moving uniformly in some par-
ticular direction and at a high ve-
loeity.

Now let us suppose that exactly

Repetitions of this signal on sue-
cessive days give exactly the same
result.
{ the distance between them does not

He will now say, “If these mir- |
rors were really on a circle the light
would take longer to reach me from
those which were in the direction of
my path than from those at right
angles, Since the light returns
simultaneously from =all, the mirrors

trip, and that their clocks are run-
ning at the same rate.
Now suppose that A and B regard

precisely as you |

at 12 noon A sends a flash of light |
t toward B. B perceives it at the |

A and B will conclude that |

change, since it always takes light |
the same time to make the round !

to Learn That Light Does Not
Travel n a Straight Line

ence between the results of different
assumptions are immeasurably small
for such observations as could be
|made upon our tiny and slowly mov-
|ing earth. But for such distances as
separate the stars and for greater
assumed speeds they may become ex-
tremely large.

I might go an t« describe what
{ happens if we imagine two observ-
ers, A and B, receding from one an-

{other with half the speed of light |

iand exchanging signals by a reflec-
tion back and forward from mir

are not arvanged on a circle but on‘
an ellipse, which is longer at right

S e

angles to the direction of my motion!

than it is the other way." |

If, as in the case previously dis-
cussed, he supposes himself to be
moving with half the speed of light, |
he will conclude that the longer| |
| diameter of this ellipse is about 15
per cent greater than the shorter
diameter, If he estimates his own
velocity higher, he will regard it as
differing still more from a cirele.

The Lorentz Theory

But although the mirrors in this |
rase are not all at equal distances:
from him, he cannot find this out by |
measuring the distance with a meas- |
uring rod. In fact, if he does so,
their distance will all appear to be
exactly the same, if the principle of
relativity is true. For otherwise, by
combinifng an optical experiment and |
a direct measurement he would have
a method by which he could distin-
guish between rest and uniform
motion; and this is, by the wvery
hiypothesis, impossible,.

| Hence nature muszt be so consti-
tuted that his measuring rod would!
automatically change in length when |
;turned from B position parallel to|
| his motion to one at right angles
jto it. : .
This sounds strange enough, but|
something of the sort is entirely
necessary in order to explain the
Michelson-Morley experiment. The
assumption that material bodies, |
when moving through #pace, con-
tract slightly in the direction of mo- |
tion"was made by Lorentz in order

:
H
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to explain thiz experiment before
the more general theory had been
developed, At such speeds as are
actually reached by the planets in
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their orbits the contraction is less

than one part in one hundred mil-
lion, and beyond detection by any-
thing except the most refined inves-
; tigations.

We have now geen that, according

themselves as at rest. They will
then agree that the distance between
them is 186,000 miles, since it takes
light one second to go each way, and
they will also agree that their clocks

with the conviction that we are at
last upon the firm rock of the abso-
lutely motionless?

Birth of the Theory

It is from a search for an an-
swer to this question that the theory
of relativity grew.

The first great contribution waz
made by Newton. An immediate con-
sequence of his fundamental prin-
ciples of physical science is that if
we have a number of objects mov-
ing together in space, which we may

other in any fashion, however com-

off the earth into space things are

plicated, but free i]‘o.m outs!de e that the,observer and his whole cir- |Tate or hy one similarly moving in
fluence, then the relative motions of | ;i : | ther dieoti X

the bodies in that system will not| ©/®¢ ©f mirrors, big or small, are |a8nother direction and at a different
depend at all upon lh:a rate at which | gt at rest, but ate all moving to- rate.

186,000 miles.

If he then produces a flash of light
at his own position this light will
travel out and in one second will
reach all the mirrors simultaneously,
will be reflected at each, and at the
end of another second will come hack
{to him simultaneously from all the
| mirrors. (If this hypothetical ap-
paratus appears to you inconvenient-

ine one a million times smaller,
which would make the radius of the
circle about a thousand feéet, and

second instead of whole seconds,)
So far so good. But now suppose

different. It then becomes obvious|the system as a whole is movingig"th” uniformly at a speed of half

the velocity of light.

ly large, you can just as well imag- |

ahead motion, or, indeed, to deter-
mine whether the observer’s frame
of reference was at rest or in such
uniform translational motion,

If this is true, it follows that it is
only the relative motions of ma-
terial bodies in the universe which
we can study at all.

Hence the name of the principle
of relativity.

A second principle following natu-
rally from the experiments which led
ito the first is that the veloeity of
{light in empty space will always

2 jicount your time in millionths lcome out the same, whether meas-
call a system, acting upon one an- o of a|

{ured by an observer moving with his
apparatus in one direction at one

Novel Consequences

ta the principle of relativity, the
|answer to the question whether two
material rods laid on the table at
right angles to one another are of
the same length or of different
choese. o' think that we ana the| M8 through space with halfthe
room in which the apparatus is siblspe‘?d of light, so that th?"’ are fol-
uated and the rest of the world are:lov\r}ng the same track with B pre-
: : . ceding A,

at rest in space or are moving in

different directions with high uni-
form speeds,

rate but are exactly synchronized,

because the light must have reached

B just one second after it left A,
But now suppose that A and B

Going and Coming

Using the same principle of the

Measurement of Time stern chase of which we have spoken
The fact that when the two rods |before, they will now figure out their
'are laid side by side they are ob- distance apart as not 186,000 miles,
viously exactly equal does not prove | but just three-fourths as much, or
{that they are the same length when | 139,500 miles, and also that the light
we turn them so that they make an  in going cutward over this distance
angle with one arother, 1from A to B on the stern chase took

So much for the measuring of | Che 'and a ha]‘f seconc!S, Wwhereas inI
distances and the measuring of the | coming back it occupied only one

agree in the belief that they are mov- |

{rors carried by both. As I have not
a blackboard, I will spare you the de.
tails, which are not hard for any
one to work out who takes s peneil
and piece of paper,

are not merely running at the same |

! Space and Time

| I will simply state the result that,
|given a certain set of definitely ob-
|served facts upon which both ob-
servers are entiroly and perfect]
‘agreed, it is possible that A, if he
considers himself at rest, will SAY
that B is receding ffm him with
half the velocity of light and carry-
ing a clock which is ranning at ex-
actly the same as
while B, who naturally

rate his own,

may prefer
to think of himself as at rest, and
the other fellow moving, will believe
that A is reeadinz from him wita

_half the speed of light, but will m-

sist that his eloek and A's clock ave

not keeping together, but are run-|

i | relative positions to be altered,

within even the wide
| older relativity theory.
| To make this idea clear ot
imagine two observers, each with
| his measuring instrumenta, Mhean
of subsistence, ete., in a largs ang
perfectly impervious box whigy
forms his “‘closed system,”

The first observer, with his by
and its contents, alone in Space, very
remote from all gravitating hogjy,
and entirely at rest,

The second observer, with his boy
is, it may be 1

view of the

and its contents,
ined, near the earth or the sun o
some star and falling freely
the influence of its gravitation,
To be more precise, we |
him in whst is called a “unifory
gravitational field,” where the grayi
tational force is exerted on all abjesty

center of
the attracting body, where it is ).

ways of exactly the same amonp;
and there is nothing to interfen
with an indefinitely long fal],
This second box and its con

including the observer, wil] then fu)
under the gravitational force—thy
is, get up an ever—inl:reasingw
but at exactly the same rate, 8o thy
there will be no tendency for theip

According to Newton's principls
this will make not the slightutdij.
ference in motions of the physieal
objects comprising the system op
their attractions on one another, g
that no dynamical experiment e
distinguish between the condition of
the freely falling observer in ty
second box and the ohserver at rest
in the first.

But once more the question arise
What could be done by an optial
experiment?

According to the beliefs whith
have heen held from the time of
Maxwell, who first developed the
electro-magnetic theory of light, un-
til the present, it has generally been
believed that gravitation, howeps
powerful, has no offect whatever
upon light, and the light woulg
therefore travel in a straight line
through a field of gravitational a
traction exactly as it would through
empty space.

How Light Travels

Einstein, on the other hand, &
| sumed, just for the fun of seeing
| what would come of it, that the prin-
ciple of relativity still applied in
this case, so that it would be impos-
sible to distinguish between the con-
ditions of the observers in the tw
boxes by any optical experiment,

It can easily be seen that it ol
lows from this new generalized rela- \
tivity of Einstein that light cannot
travel in a straight line in a grav
tational field.

Imagine that the first observer
sets up three slits, all in a straight
line, at considerable distances apart
A ray of light which passes througt
the first and second will obviousl
Pass exactly through the third.

Suppose the observer in the fresly
falling system attempts the same
experiment, placing the line of hi
three slits at right angles to ti
direction in which he is falling s
having them equally spaced,

The ray of light which has pass
the first siit must, in order to g
through the second, move not toward

that the earth is not at rest but mov- | through space, or the direction of its
ing, both on its own axis and about | motion, but only upon the mutual
the sun. linteraction of its parts.

I say “obvious”; but it i{s worth| Simple uniform motion in
remembering that these facts—at | straight line, what we teuhnically!
present so familiar even to the man | call a “motion of translation,” does
in the street—aroused, when their | not influence the things that happen
truth was first advocated, the most | in the system at all, even to tho!
violent disbelief and agitation, and|minutest degree. Therefore, an ob-
that it took a century or more of | server within the system cannot
controversy to displace the old, in-| hope to detect it unless he has some- |
nate belief in the fixity of the earth, thing outside to observe. It is on|
that is, of our frame of reference, | account of this great dynamic prin- |
and substitute the belief that it was ! ciple that we are unconscious of the
in motion. | motion of the earth about the sun,

So far as our solar system goes| In our proposed search, then, for|
we may comfortably treat the sun|“absolute motion” we must use some |
8s being at rest and attach our|other means, and our most efficient
{rame of reference to it. But when;toola are likely to he the waves of |
we come to look still further afield |light. We know that light spreads
et the stars we find them in motion  out from any hot body into space in
and later detect a drifting tendency all directions and at the great speed

= This principle s 3’ hz
Now, let the observer send out a | 4 ple sounds’harmless

light signal and wait for its reflec-
tion from that mirror which is di.
rectly on the line of his track and
in the direction toward which he is
moving.

lour old preconceived opinions that
they often appear to us Erotesque
| to a degree.

k .
Take one of the simplest ones.

|
A Stern Chase i

enough, but the consequences which |
follow from it are so different from |

Let us go back to our cbgeﬂ-erianmunts to exactly the same thing
with his mirror and call him A, and

iwhich we described a few moments
suppose that at the mirror there is 880; but there will be a second in-
a second observer whom we will call | teresting change with respect to

B, and that both observers haye their mdasurement of time. For

The light traveling out toward |
this mirror would it€elf move 1886,-
000 miles a second, but would have
8 “stern chase,” since the mirror is
receding half as fast as it is trav.
eling, and it is easy to see that it
would take two whole seconds to
reach the mirror.

On the return
serY

remarkable confirmation w

journey the ob-
er will be advancing to nieet it
with half the speed of light, and this
part of the process will take only

astronomers, was exactly what h
Einstein tany years before,

Proof of the Einstein Theory

I'I‘ WAS approximately fifteen years ago when Dr, Albert Einstein
first made known his “theory of relativity,”

The present revival of interest in the theory is due to the
hich it received in the reports of obser-
vation made during the sun's eclinse last May to determine whether
rays of light passing close to the sun are deflected from their course.

The actual deflection of the Tays,

since they now believe that the light
| togk one and a half seconds to go
out, the time when it reached B
was one and a half seconds past
noon by A's clock and only one sec-
l'ond past noon by B's clock.

Hence they will agree that B's
clock is half a second fast.

| 5ee that, if they had supposed them-
selves to be going along the same
line, and at the same rate of speed,
but in the opposite direction, they
would have concluded that B's clock

it was discovered by the
ad been predicted thcoretically by

On the other hand, it is easy to|

ning at different rates. {the point where that slit was whet
5 ings | second, I - : o R
| 1c ngths of things. ‘ ; i : : = | - '"he root of this extraordinary dis- | it emerged from the first, but
Now, how about measuring time?| This change in the direction erepancy between their opinions!

toward the point where the seconi
slit will be when the light reachesit

1t will, therefore, be moving not
at 'right angles to the direction i
which the system is falling, but &
(& slant, so that during the intervd
in which it has traveled lltel‘!ﬂ}'
from the first slit to the second it
will have moved downward by a e
tain fixed amount, namely, by th
amount through which the systes
fell in that interval.

In moving from the second to th
third slit, the light will occupy tH
| same interval of time, and, if &
moves in a straight line, will F
downward by the same amount 8
before. ;

But since the system is fallisk

will lie in the fact that they divide
{up the round-trip time interval Lo
|the reflected light waves in differ-
ent manners on account of their dif-
ferent assumptions as'to whether the
reflecting mirrors are at rest or be-
ing chased by the light, thereby in-
troducing a difference into their
methods of comparing ane another’s
clocks, which continually increases
|as the distancs Letween them in-
|creases and the round-trip time for |
| the light with it.

I have certainly gone far enough
now to show you how we are led, 1if
we stick to these apparently simple
and harmless principles of relativity,
into the most extraordinary conclu-
sions with respe~t to space and tinc

among them which indicates beyond
question that our sun itself
moving.

Sun Moving, Too

So next we hitch our frame of
reference onto a sort of average
position of all the stars visihle to the
naked eye, and find that with re-
spect to this new frame of reference
the sun and planets are moving at
the rate of about twelve miles a
zecond in a definitely known direc-
tion.

We were content with this until

within the last decade, when obser- |

is |

of 186,000 miles a second.

Ether as a Basis

Despite this enormous v
something real actually travels out-
ward, because it earries with it en-
ergy which is, to the modern physi-
|cist, one of the most fundamental
tof all realities.

! This energy may still be percep-
| tible to our eyes or apparatus when
| reaching ug from the stars after a
| Journey which has consumed many
| thousands of years.

We know, too, that this energy,
| while it ig on its way, travels in a

elocity, |

i two-thirds of a second. The elapsed
| time for the round trip of the light
| will be two and two-thirds seconds,
considerably longer than if the ob-
i server was at rest,

Consider next a ray of light which
gets reflected in the mirrvor, whose |
direction from the observer is at
right angles to the first.

It will not have the long stern |
| thase which the first ray has, but
' nevertheless it will lose something,

| ieeause in order to reach the moving
[ mirror it will have to fravel “on '

[the bias,” so to speak, through
| space

Observation then proved that the rays of fixed stars, having
to pass close to the sun to reach the earth, were deflected by the
exact amount demanded by Binstein's formula, The deflection was
also in the direction predicted by him.

Asked one time to ex
tion and the law of gravit
man, Dr. Einstein stated:

“Please imagina the earth removed, and in its place suspended
a box as big

43 a room, or a whole house, and inside a man naturally

floating in the center, there being no force whatever pulling him.
“Imagine, further, this hax being, by a rope or other contrivance,

suddenly jerked to one side, which is scientifically termed ‘accelerated

motion.! The person would then naturally reach bhottom on the
opposite side,

press the difference hetween his concep-
ation in terms understandable to the lay-

“The result would consequently be the same as if he obeyed

was half a second slow. As some one has well put it,
We reach, therefore, the still more = vhenness” ani “whereness” are
picturesque conclusion that the ques-lan mixed up together. You can't
tion whether or not two events which 8Y just when a thing happened
take place at different points of | Without saying where it happened,
space are simultancous or occur at | <+!'d also with respect to what frame
different times cannot be answered ©f reference v ccfine hoth whai
until we have defined the uniformly |and where.
moving frame of reference with re- | All " these spectacular changes,
speet to which we are to make our however, reach perceptible amounts
measurements and veasoning. only for objects which are moving
With the distance that we have With at least a moderate fraction of
assumed, the difference between the  the velocity of light; and the actual
two clocks would be only a fraction | motion of the planets is so much
of a second, even if the assumed slower than this that no perceptible

ever faster and faster, it will durit
this time interval have GNP[’“
further than it did in the precedité
time interval and carried the thif®
slit with it. ;

Hence, the ray of light will strilt
above the third slit and fail u?l‘
through it, provided it travel it?
straight line in space. ;

But on Einstein’s assumption !
must go through the third slit sin*
the two conditions are indistin
able,

i

Path Not Straight
In consequence, the path of

, 80 that it will reach not the Newton's Law of Gravitation, while

. : : . ané
; ; abey =S = ; rences w y

. + In fact, there is no gravitation |[|SPeed was very great. But if we had differences will be introduced by our

vations upon the nebule, which we | manner strikingly similar to

Lhe|

point where the mirror was when exerted whatever, which

know now to be enormously further |
off than the naked eye stars, |
vealed extremely rapid motions. |

If we try now to hang a frame of
reference, ro to mpenk, to the |
sverage of these nebule, it beging to
look a» if our solar system was|
moving, compsred with this, at &

propagation of waves, so much so

re-| that we feel justified in describing |

light as consisting of waves
definite lengths and properties.
-Now, how does this energy travel
through apparently
with these singular wave proper-
ties? The natural answor, almost

of

the light started, but the point where
it will be when it gets there, and
| something quite similar wil] happen
{on the return journey,

| When this is calculated it is found |

empty space | that the round trip will in this casn |

take about two and one-third sen.
onds, (The exact arfount involves

every case prodice the
motion,' and have thus de
convinced give more

theory,

with experiments."

proves that ‘accelerated motion' will in
same effects as gravitation.
“I have applied this new idea to ever

veloped mathematical formulas which I am

precise results than those based on Newton's
Newton's formulas, however, are

that it was difficult to find by obse

[taken a distance such as that be-
| tween the remoter stars, whose Iightl
takes thousands of years to travel, |
| then, according to our choice of a
_l'frnme of reference, we might ‘nave:-
{been led to the conclusion that A's!
| clock was either in agreement with
[B's or fast or slow by several cen-
turies. :

Once again, the possible differ-

v kind of ‘accelerated

such close approximations
rvation any obyious disagreement

light in space must be curved

| cho i

osing frames of reference which
are attached to the earth, the sun,
the planets or the stars.

His Hypothesis Confirmed

Not content with these remark-
able results, Einstein proceeded a
few years ago to generalize his
tHeory*further, in imagining another
type of question which did not come

{not straight when gravitation
| present, and the ray of light
bend downward, that is, in the dif®
tion of the gravitational fdfﬂw
This deduction from El:"y
new principle may thus be o
|in a very simple fashion, but
further following out of the

Continued on next page.




